Abstract: Since ancient times, rice has been a staple food in monsoon Asia, an area in Asia which is strongly affected by monsoon activity and home to a dense population comprising many millions of individuals. Since rice is usually produced by a given country to feed its own population, production variability is commonly analysed on a country-by-country basis. However, recent globalisation and the frequency of disasters suggest that production variability, especially poor production, affects not only the producing country but also nations in the same region. In this research effort we analysed the variability in rice production in monsoon Asia and showed that large depletions in production derive primarily from production trends in India. Interestingly, India tended to undergo bumper years when China experienced lean years. If bumper years in India are associated with lean years in China, successful production in India can cushion the blow of poor production in China. We found no causal connection between rice production in India and rice production in China. Therefore, we would advocate more accurate analyses in the future that use approaches from disciplines such as climatology, hydrology and agronomy.
INTRODUCTION
Rice is a staple food from ancient in monsoon Asia, and widely consumed in the world in the present. Since rice is mostly produced self sufficiently, its production variability is commonly analyzed based on a country (e.g. [1] [2] [3] ). However, the international trade of rice has been increasing gradually from 11 million tonnes (2.2% of total global production) in 1990 to 29 million tonnes (4.4%) in 2006 [4] . China and Indonesia are predicted to be huge importers in the future, suggesting that the level of trade will still increase further. Moreover, extremely poor production such as that experienced by Japan in 1993 sometimes necessitates emergency imports, which increases the price of the desired product on the world market. Recently, international speculative investments have complicated the market, causing an increase in the international price of rice in 2008. These developments indicate that rice is still produced largely by individual countries to feed their own inhabitants, but that this trend is changing. Dawe [5] summarized the price increase as rice crisis, and recommended to prepare to prevent the next crisis.
This study aimed to reveal the variability of rice production in monsoon Asia. For the purpose, we especially focused on lean years. In order to analyse relationship between the production variability and climate, El Niño-Southern Oscillation (ENSO) index [6] and several monsoon indexes were used.
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MATERIALS AND METHODS
In this study, monsoon Asia was defined to include 20 countries ( Table 1) . Production amount, harvested area and yield of rice for each country from 1961 to 2010 were obtained from FAOSTTAT [4] . We calculated 4 parameters from the data for our analysis: deviation from 5-year running averages; deviation rate against 5-year running averages; mean absolute deviation rate (MADR); and coefficient of variance, which is determined by dividing standard deviation for a 5-year period by the 5-year running average.
The classification of ENSO phases was based on an index (ENSO index) from the Japan Meteorological Agency [6] . This index is a 5-month running average of spatially averaged sea surface temperature (SST) anomalies throughout the tropical Pacific: 5ºS to 5ºN, and 150º to 90º W (NINO. 3). The ENSO years were categorised as El Niño when the index values exceeded 0.5 ºC for 6 consecutive months in a given year and as La Niña when the index values fell below -0.5 ºC for 6 consecutive months in a given year. In addition to ENSO classifications, five monsoon indexes were also used in this study: the Webster and Yang monsoon Index (WYI [7] ), the Indian summer Monsoon Index (IMI [8] ) and the Western North Pacific Monsoon Index (WNPMI [9] ) were obtained from the International Pacific Research Center [10] ; the East Asian Summer Monsoon Index (EASMI [11] ) and the South Asian Summer Monsoon Index (SASMI [12] ) was obtained from the Chinese Academy of Science [13] ; and the Meridional Thermal Gradient Index (MTGI [14, 15] ) was obtained from the University of Toyama, Japan [16] .
In order to analyse relationship between rice production and precipitation in China, we selected the top-5 years as the bumper years on the basis of deviation rate against 5-year running average : 1966, 1970, 1979, 1984 and 1990 ; and selected the bottom-5 years as the lean year : 1969, 1981, 1988, 1994 and 2003 . Data for precipitation in China were obtained from the Global Historical Climatology Network at the National Climatic Data Center, USA [17] . The data for 39 stations, with negligible missing data, were used for our analysis. The stations widely distributed in China (Fig. 4) . The frequency of precipitation anomalies was obtained on the basis of the 47-year average from 1961 to 2007.
Statistic analysis was conducted using SAS Version 9.1 (SAS Institute Inc., USA).
RESULTS AND DISCUSSION

Features of Rice Production
Rice production in monsoon Asia increased from 198 million tonnes in 1961 to 603 million tonnes in 2010 (Fig. 1a) . The increase in production (+205% increase) is significantly dependent on both that in yield (2.0 to 4.8 t ha -1 : +140% increase) and that in harvested area (98 to 124 million ha: +27% increase). The coefficient of variance showed that production variability decreased drastically from 1982 to 1992 but increased gradually after this period (Fig. 1b) . Yield variability peaked in 1982 but then decreased until 2000 and has recently tended to increase. The lowest levels of variability in the harvested area were observed in 1992, with an increasing trend since that time. Our findings indicate that the decreased variability in production observed from the 1960s through the 1980s was associated with a similar trend in yield, and that the recent increased variability in production was caused primarily by the variability in harvested area and secondarily by the variability in yield. This phenomenon may be due to the expansion of cultivation to unfavourable areas [18] or to an increase in the number of farmers who abandon crops in unfavourable weather years [19, 20] . These factors may increase the sensitivity of rice production to climate change and may decrease food security.
Mean absolute deviation rate (MADR) of rice production varies from 2.47 to 18.28 among countries (Table 1) . Brunei, Cambodia, Timor-Leste and North Korea show larger variability, which may be derived from domestic affairs. China Fig. (1a) . Trends in rice production (bold black), yield (bold gray) and harvested area (thin black) in monsoon Asia. Arrows show years when the production decreased more than 2 % as compared to the 5-year average (lean year: deviation rate <-2%). Although the deviation rate in 1974 was -1.2 %, this year was also selected as a lean year based on this figure (dashed arrow). (b) Trend in 5-year running average of coefficients of variance of rice production (bold black), yield (bold gray) and harvested area (thin black) in monsoon Asia. Although the deviation rate of rice production in monsoon Asia was not so small (more than -2 %), the year was selected as a lean year based on Fig. (1) .
produced the largest amount of rice but showed the smallest MADR. India is the second largest country of rice production, of which variability is relatively large. Cluster analysis applied to trend of deviation rate of rice production in each country showed as in Fig. (2) . Although there are some exceptions, e.x. China and Indonesia, countries located similar area tend to belong to the same cluster.
Rice production in monsoon Asia decreased more than 2 % (the deviation is smaller than -2%) on nine occasions between 1963 and 2005 (Fig. 1a, Table 2 ). Fig. (1a) shows that production in 1974 was impacted by a poor harvest. However, the deviation was 1.2 %, of which a relatively small fraction may have been caused by the poor harvests in 1972 and 1976 (the 5-year running average in 1974 was small). Thus, the values from 1974 are also listed in Table 2 . We refer to the 10 years presented in Table 2 as the lean years hereafter.
The poor harvests in the lean years were mostly associated with depleted yields until 1976 but were more closely associated with harvested area after 1982. These trends correspond to the pattern displayed by the coefficients of variance in Fig. (1b) . Eight of the 10 lean years were connected with the lean harvest in India, indicating that production variability in India is the determining factor that impacts the productivity of all of the countries represented by monsoon Asia. In 1972, a lean harvest characterised all of monsoon Asia. Only two countries, Pakistan and Vietnam, exhibited positive values for the deviation rate of production in the year, but these were under 1%. The lean harvest in 2003 was linked with production in East Asia. Although South Korea is not shown in Table 2 , the deviation of production was -0.6 million tonnes in 2003 (the 4th worst of any country).
Since China and India are the two largest producers of rice, the simultaneous occurrence of extremely poor production in both China and India will always drastically affect food security in monsoon Asia. However, the relationship between deviations in rice production in China and India shows that such cases are rare (Fig. 3) . Notably, when the deviation in Chinese rice production was less than -5 million tonnes, India tended to experience a bumper harvest. Therefore, China is listed relatively few times in Table 2 (China is listed 4 times; Thailand, Myanmar and Japan are listed 5, 4 and 3 times, respectively).
Relationship between the Production Variability and Meteorological Indexes
One of the main causes of rice production variability is climate variability. In the case of monsoon Asia, climate is influenced by factors such as the El Niño Southern Oscillation (ENSO) and by Asian monsoons. ENSO is known to have caused disasters all around the world, and associates rice production in tropical Asia [1, 20, 21] and the international rice market [22] . Four of the 10 lean years studied here occurred during El Niño years, namely 1965, 1972, 1982, and 1987 . The other lean years, except 1974, were also associated with El Niño: the ENSO index was >0.5 for <6 months a year. The year 1974 was between La Niña years; the ENSO index was <-0.5 from January to May. Rice production variability was also correlated with the strength of the Asian monsoons. The deviation of rice production was significantly correlated with certain monsoon indexes: the Webster and Yang monsoon Index (WYI; r = 0.56), the Indian summer Monsoon Index (IMI; r = 0.59), the Meridional Thermal Gradient Index (MTGI; r = 0.66) and South Asian Summer Monsoon Index (SASMI; r = 0.57), but not with the Western North Pacific Monsoon Index (WNPMI; r = -0.04) or the East Asian Summer Monsoon Index (EASMI; r = 0.08).
The close association between rice production in monsoon Asia and ENSO and monsoon indexes is linked with variability of rice production in India. The correlation coefficient between the deviation of rice production in monsoon Asia and that in India is 0.78, and rice production in India is strongly affected by ENSO and monsoon strength [1, 23] . El Niño years tend to be lean, while La Niña years tend to be bumper years (Fig. 3) . The deviations in rice production varied significantly between El Niño and La Niña years (P<0.01, Tukey-Kramer's test). Strong monsoons tend to cause bumper years in India, while weak monsoons result in lean years. The deviation rate of rice production in India was closely related to WYI (r = 0.56), IMI (r = 0.65), MTGI (r = 0.58) and SASMI (r = 0.62) but was not significantly associated with WNPMI (r = -0.05) or EASMI (r = -0.03). These associations are due to the relationship between precipitation and ENSO [24] or monsoon strength [9] , since rice production in India is closely associated with precipitation [23] .
On the other hand, there is no significant connection between rice production in China and ENSO or monsoon indexes. Even two-way analysis of variance (e.g., ENSO and classification of EASMI) failed to detect significant differences. Analysis of precipitation indicated that Hailar (49°13-'N, 119°44'E) and Hami (42°49'N, 93°31'E) had significantly larger precipitation in bumper year, and that Qiqihar (47°23'N, 123°55'E), Yining (43°57'N, 81°19'E) and Ruoqiang (39°02'N, 88°10'E) had significantly larger precipitation in lean year. However, these significantly different precipitations might not largely affect rice production in China. Comparisons of the precipitation anomalies in China also showed that the distribution of precipitation was similar between bumper and lean years: there tended to be less precipitation in East and South Central China (Fig. 4) . The greatest difference in precipitation was observed in Southwest China, which saw more precipitation in bumper years and less in lean years.
Although previous studies indicated that relationship between some monsoon indexes and precipitations in China (e.g. [12] ), trials to analyse the relationships between rice production in China and ENSO or monsoon indexes have not yet been identified a clear trend [2] . One of the reasons behind this difficulty is the variability in climate zone and production risk in China [25] . Statistical analysis and the comparison of precipitation anomalies in Fig. (4) also suggest the difficulty of analysing rice production based on precipitation. However, Fig. (4) suggests the following: (1) the reduced levels of precipitation in South Central and East China indicate more solar radiation in one of the major rice production regions; (2) since the upstream region of the Yangzi River is in Southwest China, precipitation in the region governs the water supply to South Central and East China; (3) less precipitation in South Central and East China, as well as Southwest China, causes poor harvests due to water shortages; (4) less precipitation in South Central and East China and more precipitation in Southwest China causes bumper harvests due to increased solar radiation and the supply of more water to South Central and East China. In order to prove our hypothesis, it was necessary to analyse the relationships between solar radiation, water supply and rice yield, and to analyse weather patterns and water movement India (10 6 t)
from the upstream river region to the rice paddies. Simulation modelling is one of the preferred methods for this purpose [26, 27] . If the hypothesis holds true, climatological analysis of the distribution of precipitation anomalies in China and its relation to the distribution in India would be the next step.
CONCLUSION
We analyzed the variability of rice production in monsoon Asia, and revealed that the past lean years mostly derived from India. When the largest producer of rice, China, had extremely poor harvest, the 2nd largest producer, India, tended to have bumper harvest. It is important to determine whether this relationship is the result of causation or only fortuity in order to develop the strategy for food security. Since any climatologic connection was not found between rice production in India and that in China by the casual analysis in this study, more accurate analyses which use approaches from disciplines such as climatology, hydrology and agronomy are necessary. 
